In vitro autoradiography was used to characterize and quantitatively map the sodium-independent binding of [3H]glutamate in rat brain. Measured in the presence of chloride, glutamate binding to frozen brain sections was specific, saturable, and reversible, with a Kd in the low micromolar range. At least two distinct binding sites were detected which had different affinities for quisqualic acid (0.7 PM and 1.2 mM). Autoradiograms revealed very high levels of binding in rostra1 forebrain areas, especially olfactory structures and frontal cortex.
Since the first suggestion of its role in excitatory neurotransmission in the mammalian brain (Curtis and Watkins, 1960) , numerous studies have been directed at elucidating the location and mechanism of glutamate interaction with CNS neurons. Studies of sodium-dependent uptake of acidic amino acids (Logan and Snyder, 1972) , calcium-dependent release (Nadler et al., 1976) , and synthesizing enzymes (Cotman and Hamberger, 1977; Wenthold, 1981) have been combined with lesion techniques to reveal several putative glutamate-using pathways (Fonnum and Malthe-Sorenssen, 1981) . At the same time, both physiological (Davies and Watkins, 1983; Dingledine, 1983 ) and biochemical techniques (Foster and Roberts, 1978; Biziere et al., 1980; Baudry and Lynch, 1981; Michealis et al., 1981; Werling and Nadler, 1982) have been used in attempts to demonstrate that glutamate interacts with sites having the appropriate specificity expected of postsynaptic neurotransmitter receptors. Usually spinal cord, cerebellum, or hippocampus has been used as the model system for studying glutamate actions because these lamellar structures are more amenable to electrophysiological analysis and identification of specific pathways.
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transmitter. It is difficult on the basis of these studies alone to determine what brain regions are rich in glutamate receptors and where, within a structure, the receptors are located. Substantial portions of white matter and glutamate receptor-sparse regions are inevitably included to varying degrees in such preparations.
Recently, however, we described a method for localizing glutamate-binding sites throughout the brain (Halpain et al., 1983) using an adaptation of an in vitro autoradiographic technique (Young and Kuhar, 1979) which allows quantitation by densitometry (Quirion et al., 1981; Rainbow et al., 1982; Unnerstall et al., 1982; Pan et al., 1983) . Other laboratories have also succeeded in applying this technique to studies of glutamate receptors (Greenamyre et al., 1983; Monaghan et al., 1983) .
In the following report we present evidence that the gluta- Halpain et al. Vol. 4, No. 9, Sept. 1984 ling and Nadler, 1982) , there are reports that this site is destroyed by freezing (Werling et al., 1983) In extensive preliminary experiments to determine wash times, we found no specific binding with wash times of two 30.set washes or two 1-min washes. Two 2-min wash times revealed specific binding, but a poor ratio of total to nonspecific binding (1.5 to 1). Using two 5-min wash times, we lost 20 to 30% of the specific binding found with two P-min wash times but obtained improved total/ nonspecific ratios, ranging from 2 to 3:l. Longer wash times caused greater loss of specific binding with no improvement in the percentage of specific binding.
In experiments to test the chloride dependence of the binding. 50 mM Tris/acetate buffer was substituted for Tris-HCl in all steps-of the procedure.
Quantitatiue densitometry. After the two 5-min rinses, the sections were either removed with glass fiber filter disks and used for scintillation counting or were dried rapidly on a 60°C slide-warmer and applied against LKB Ultrofilm (LKB, Inc., Gaithersburg, MD) as described (Rainbow, A. Biegon, and D. Berck, 1982) (Fig. 1A ). This binding is reversible, as shown in Figure 1B . After a 60-min incubation the binding was stopped by "infinite" dilution in a loo-fold excess of cold Tris buffer for various times before continuing with the normal procedure of two 5-min washes. Calculation of on-and off-rates from these data yielded a k,, of 0.0034 FM-'min-' (secondorder rate equation) and k-, of 0.6 min-'. These numbers probably reflect not only the kinetics of the interaction of the ligand with the binding site, but also the penetration of (Werling and Nadler, 1982; Fagg et al., 1983; Werling et al., 1983) . In preliminary experiments, we obtained similar estimates of IC& values and percentage capacities when quisqualate competition curves were constructed from densitometric data. Next in potency to (1982, 1983) and Werling et al. (1983 These two sites are designated "Glu A" (high affinity for quisqualate) and "Glu B" (low affinity for quisqualate). Recently, these investigators reported that the Glu A site is highly dependent on the presence of chloride (Werling and Nadler, 1983 Figure 2A for the results of pooling these data. 1x1o-5 1x10 caudate appeared to be more densely labeled than the dorsal (about 1.2 to 1.51). As with area 2, binding in the most caudal two-thirds; and as with cortex, rostra1 caudate was more darkly sections (PW17 and PW18; Fig. 4C ) of both dorsal and ventral labeled than caudal portions. At a level corresponding to PWll caudate was higher than in the intermediate portions (e.g., (Fig. 4B) , ventral caudate measured 384 fmol/mg of protein; at PW14 to PW16) but not as high as in the most rostra1 portions PW14 it was 247, and at PW16 it was down to 191 fmol/mg of (PWll).
The Vol. 4, No. 9, Sept. 1984 difficult to determine the actual concentration of [3H]glutamate binding.
Other telencephalic areas that showed high levels of [3H] glutamate binding included olfactory structures, such as the anterior olfactory nucleus, olfactory tubercle, and pyriform cortex (Table II; Fig. 4, A and B) . Again, these were darker in rostra1 portions (300 to 360 fmol/mg of protein) than in more caudal portions (190 to 240 fmol/mg of protein). Claustrum and rostra1 cingulate cortex showed very high binding (345 and 366 fmol/mg); visual cortex (areas 17 and 18) was relatively light (177 fmol/mg of protein). Limbic structures, such as portions of the hippocampus, septum, and amygdala, were heavily labeled (Fig. 4, C to F) . Dentate gyrus, CAl, and subiculum (220 to 250 fmol/mg) were noticeably darker than CA3 (150 to 180 fmol/mg). CA2 and CA4 were intermediate. Lateral septum (304 fmol/mg of in rostra1 forebrain and 149 fmol/mg in medial forebrain)
was more heavily labeled than medial septum (232 fmol/mg in rostra1 forebrain and 84 fmol/ mg in medial forebrain), and both structures were more than twice as dark in rostra1 sections as in caudal sections. Of amygdaloid nuclei, the posteriomedial cortical nucleus was the most densely labeled (236 fmol/mg of protein).
Closer examination of the hippocampus reveals distinct laminar patterns of [3H]glutamate binding (Fig. 5) . Binding appears very high in the dentate gyrus molecular layer, but especially in the inner two-thirds.
The outer third, closest to the hippocampal fissure, appears noticeably lighter. Likewise, the more distal portion of the CA1 apical dendritic field (stratum lacunosum-moleculare, which is also adjacent to the Essure) is less densely labeled than the more proximal portion (stratum radiatum).
As indicated above, stratum radiatum of CA3 (182 fmol/mg of protein) has significantly less [3H]glutamate binding than stratum radiatum of CA1 (254 fmol/mg). Stratum oriens is more lightly labeled than stratum radiatum in both regio superior and regio inferior and, as with stratum radiatum, CA1 (221 fmol/mg) is substantially darker than CA3 (154 fmol/mg).
CA2, a relatively small area in the rat, also shows more binding in stratum radiatum than in stratum oriens (223 fmol/mg and 190 fmol/mg, respectively), and both strata show values intermediate to the corresponding strata in CA1 and CA3. Not detectable in our densitometric analysis, due to limitations in resolving power of the photocell, is the slightly greater degree of binding in the most proximal portion of the CA3 apical dendritic field known as stratum lucidum (indicated between the arrowheads in Fig. 5) .
Diencephalic structures showed moderate to low amounts of binding, with clear differences among the various nuclei (Table  II ; Fig. 4, C to E) . Among thalamic structures, mediodorsal nucleus had the highest amount of glutamate receptors (199 and 178 fmol/mg of protein), while the ventrolateral nucleus had the least (101 fmol/mg of protein). In the hypothalamus, the anterior nucleus was the densest area of glutamate binding (133 fmol/mg of protein), and lateral preoptic nucleus was the lightest (43 fmol/mg of protein). (r sup). r inf refers to regio inferior, which includes the stratum lucidum of CA3 (demarcated by the two arrowheads). Stratum lucidum appears slightly more heavily labeled than the adjacent stratum radiatum'or stratum oriens of CA3. These latter two regions are much less heavily labeled than the corresponding regions in CAl. Like the outer third of the dentate molecular layer, the most distal dendritic layer of CA1 (stratum lacunosum-moleculare) is lighter than layers immediately adjacent to them in the same subfield.
Both stratum lacunosum-moleculare and the outer third of the dentate molecular layer are targets of the lateral perforant path. Lines demarcate the borders between various strata in regio superior and dentate molecular layer. C, commissural/ associational terminal field (inner one-third of dentate molecular layer); L, stratum lacunosum-moleculare;
M, outer two-thirds of dentate molecular layer; 0, stratum oriens; R stratum radiatum.
Calibration bar: 1 mm. (Figs. 3 and 4H) . The molecular layer (165 fmol/mg of protein) was not significantly darker than the Purkinje and granule cell layers (160 fmol/mg of protein). The medulla and associated nuclei (Figs. 3 and 4H) were uniformly light except for the dorsal cochlear nucleus, which showed a fairly high level of binding at 197 fmol/mg of protein (Table  II The cortico-striate pathway is one such putative glutamatergic pathway. This assertion has come from a variety of lesion experiments demonstrating that levels of glutamate (Fonnum et al., 1981) , high affinity glutamate uptake (Divac et al., 1977) , and sodium-dependent binding of glutamate (Vincent and McGeer, 1980 ) diminish substantially upon complete or partial decortication.
The high levels of sodiumindependent binding we see in caudate are consistent with this structure being a major target of glutamate terminals. Likewise, it has been suggested that cortico-cortico pathways use a glutamate-like substance as transmitter (Fonnum and MaltheSorenssen, 1981 ). The extremely high density of glutamate binding in all cortical regions underscores this possibility. By far the areas densest in glutamate binding are the olfactory and associational areas of rat telencephalon.
It is unclear why these areas should have a greater density of glutamate receptors than nearby sensory areas of cortex. Perhaps this phenomenon we observe is consistent with a recent theory of the role of glutamate receptors in an olfactory and associational memory storage process that may be unique to mammalian brain (Lynch and Baudry, 1984) . These investigators suggest that mammalian telencephalon may have evolved a specific mechanism for memory storage which involves increases in glutamate receptors and which is not found in nontelencephalic structures. There is evidence that changes in glutamate receptor number accompany certain forms of learning in the rat (Lynch and Baudry, 1984) and rabbit (Thompson et al., 1983) . The densest labeling within a cortical area occurs in the superficial layers. Labeling is heaviest in layers I and II, tapering off in layers III and IV to become about 25% lighter in the inner layers V and VI. If these binding sites represent synaptic glutamate receptors, then it makes sense, perhaps, that they are to be found concentrated in areas which are dense in synaptic contacts, such as the cortical molecular layer (layer I), and less concentrated in areas rich in cell bodies, such as layer V.
There is much evidence that the dorsal cochlear nucleus receives glutamatergic input from the cochlea via the auditory nerve (Wenthold, 1981 (Young et al., 1974; Fonnum and Malthe-Sorenssen, 1981) . However, recent reports indicate that another endogenous amino acid, cysteine sulfuric acid, has specific binding sites highly concentrated in cerebellum (Recasens et al., 1982) and that these sites may be responsible for much of the acidic amino acid excitation occurring in this structure. , 1981; Werling and Nadler, 1982; Fagg et al., 1983) and of the proposed role of glutamate excitation in this brain structure. All of the major intrinsic pathways of the hippocampus and its major input, the perforant path, at one time or another have been proposed to be glutamatergic in nature (Fonnum and MaltheSorenssen, 1981; Storm-Mathisen, 1981; Yamamoto and Sawada, 1982) . Accordingly, we observe high levels of glutamate binding in target zones of each of these pathways. The heaviest binding is found in subiculum, in stratum radiatum and stratum oriens of CAl, and in the inner two-thirds of the dentate molecular layer (Fig. 5). [3H]Glutamate binding in the hippocampus appears to be largely confined to axons, terminals, and/ or dendritic processes since neither the pyramidal or granule cell layers themselves are very heavily labeled. This is in contrast to the cerebellum where the cell layers appear as densely labeled as the molecular layer. The cerebellar granule cells probably receive excitatory input via the climbing fibers and mossy fibers (Rea et al., 1980; Foster and Roberts, 1983; Freeman et al., 1983; Toggenburger et al., 1983) . In the hippocampus, however, the somata themselves are not targets of the excitatory intrinsic connections or perforant path terminals. Instead they are the targets of many inhibitory interneuron populations which probably release GABA as their transmitter (Storm-Mathisen, 1977) . Within the hippocampal formation, the subiculum receives a substantial input from the ipsilateral CA1 pyramidal cells (Andersen et al., 1973; Hjorth-Simonsen, 1973 ) and serves as the major output station from the hippocampus (Swanson and Vol. 4, No. 9, Sept. 1984 Cowan, 1977 Meibach and Siegel, 1977) . Stratum radiatum of CA1 receives the vast majority of its input from ipsilateral and contralateral regio inferior pyramidal cells via the Schaffer collateral/commissural projections, and stratum oriens of CA1 gets mostly commissural input from regio inferior (Andersen, 1975) . The high amounts of glutamate receptor in regio superior and subiculum support the suggestion that a glutamate-like compound is the neurotransmitter of CA1 and CA3 pyramidal cells (Storm-Mathisen, 1981 ). The inner two-thirds of the dentate molecular layer receive input from twodources.
The innermost third (closest to the granule cell layer) receives commissural and associational fibers from regio inferior pyramidal cells. The middle one-third receives projections from the medial perforant path, which originates in the medial entorhinal cortex. The terminal fields of these two projections are strictly segregated in their target zone on the dentate granule cells (Blackstad, 1956) . Their proximity to glutamate receptors is additional evidence that these two pathways may use glutamate as a neurotransmitter.
The outermost third of dentate granule cell dendrites receives lateral perforant path terminals from the lateral entorhinal cortex. This pathway, too, is strictly segregated in the dendritic field of the dentate gyrus (Hjorth-Simonsen and Jeune, 1972; Steward and Scoville, 1976) . This outer third is less heavily labeled by [3H] glutamate than the inner two-thirds. Interestingly, the part of hippocampus proper that also receives lateral perforant path projections, stratum lacunosum-moleculare of CAl, also is less heavily labeled than the adjacent stratum radiatum. This heterogeneity in glutamate binding within a dendritic field could be due to a gradient in the density of synapses along the length of the dendritic arbor. Alternatively, these sparse regions could be occupied by another population of receptors not detected by our methods. In support of this idea, Monaghan et al. (1983) recently reported that at least four distinct classes of glutamate receptors can be localized within the hippocampus by autoradiography.
Since none of their labeling conditions for visualizing receptor subtypes precisely correspond to our own, it is difficult to assess the degree to which our results coincide, a major procedural difference being the inclusion of chloride in our assay buffer versus either the absence of chloride or the simultaneous inclusion of both calcium and chloride in theirs. However, it would appear from their results that CaCl* induces an increase in glutamate receptors along the target zone of the perforant path. It is interesting to speculate that these receptors are induced by calcium, since the pattern of labeling we see in the presence of chloride alone indicates that the anion is not responsible for this effect.
Another part of the hippocampus that is only moderately labeled by [3H] glutamate is CA3. Nowhere is CA3 as densely labeled as CAl; however, the portion of CA3 that receives the mossy fiber input from the dentate granule cells, the stratum lucidum, is slightly darker than the portion that receives input from elsewhere in hippocampus, stratum radiatum and stratum oriens. The stratum lucidum has been shown to contain a high density of the kainic acid type of receptors (Monaghan and Cotman, 1982; Unnerstall and Wamsley, 1983) . Since kainate receptors have a fairly high affinity for glutamate as well as for kainate (Simon et al., 1976) , it is conceivable that a portion of the binding we see in stratum lucidum may be to the kainate subclass of glutamate receptors.
It is important to note that the sodium-independent binding site described here for [3H] bow, 1983) . The D-aspartate site is presumably some aspect of the presynaptic uptake site for L-glutamate and related excitatory amino acids such as L-asparate and L-cysteine sulfinate. The specificity of this site for inhibition by excitatory amino
